By using an original two-step technique (trioxsalen crosslinking/immunoprecipitation) we were able to isolate in a single-stranded form a fraction of mouse DNA enriched in putative Replication Initiation Sequences (RIS). The isolated and purified singlestrand fragments were made double-stranded in vitro and were cloned in pUC12 to prepare a confined RIS library. 30 randomly selected RIS inserts were subjected to gel mobility shift assay using nuclear extracts either from dividing, or from quiescent mouse cells. Twelve out of the 30 RIS fragments showed specific binding to proteins present in nuclear extract from dividing cells, while none were retarded by extracts from quiescent cells. RIS12, RIS18 and RIS30 were sequenced and it was found that they were A + T rich and contained different regulatory elements. By using a two step procedure (Heparin -sepharose chromatography/DNA affinity chromatography) we isolated the protein factor that specifically binds to RIS12. It appeared as a double band with apparent molecular masses of 63 and 65 kD.
INTRODUCTION
In prokaryotic cells and viruses DNA is replicated from a single origin of replication. The uniqueness of this site has made it relatively easy to map and isolate prokaryotic and viral replication origins, and many such origins have been isolated, cloned and analyzed in details (1) . In eukaryotic cells DNA is organized in tens of thousands of tandemly arranged replication units (replicons), each of them initiating DNA synthesis at its own replication origin (2, 3) . Due to the great number of replicons and their complex pattern of activation, mapping and isolation of eukaryotic replication origins is a rather difficult task. The main hindrance in studying eukaryotic replication origins comes from the lack of reliable assays for origin activity. For a while it looked like a breakthrough has been made by the discovery that certain DNA elements called ARS (autonomous replication sequences) confer to plasmids the ability for autonomous replication in yeast cells (4, 5) . That would have made it easy to construct 'origin traps' i.e. shuttle vectors in which to clone mammalian DNA and to select clones that would replicate autonomously in yeast. However, the intense investigations carried out in the next several years showed that none of the ARS elements isolated by this technique from DNA of higher eukaryotes represented genuine chromosomal origins of replication (6) . Meanwhile alternative protocols for isolation of eukaryotic replication origins were developed in different laboratories and in some cases the isolated origins were reported to convey to plasmids the ability for autonomous replication in animal cells. However, later it turned out that either the reported replication rates were only marginal and probably statistically insignificant (7) or, in the cases of reported massive DNA replication (8, 9) , the experimental data have been misinterpreted (10, 11) . Meanwhile, data have been accumulated, which were interpreted to mean that replication in higher eukaryotic cells begins within broad areas, or even at random, instead of at well defined sites (12) , thus casting doubt on the very existence of genetically determined DNA replication origins in these organisms.
In the present communication we approach the problem of the specificity of eukaryotic replication origins from a different angle. Instead of analysing one individual replication origin located at a definite site in die genome, we decided to isolate and study a fraction of DNA where all DNA replication origins were represented. To achieve this we further developed our Trioxsalen method (13) for isolation of DNA fragments containing the putative sites of initiation of DNA synthesis and cloned few scores of diem in pUC12. It turned out that they were A+T rich, contained a number of regulatory elements and showed specific affinity towards certain nuclear protein factors.
MATERIALS AND METHODS

Cells and animals
Ehrlich ascites tumor (EAT) cells were propagated in vivo in male albino mice weighing 20-25 g.
Transformed mouse myoblast cells (line C-2) were grown as monolayer in 15 cm Petri dishes with DMEM supplemented with * To whom correspondence should be addressed 10% fetal calf serum (GIBCO). They were transfected with 5 jig each of the RIS containing plasmids, or with 5 fig of control pBR322 by the calcium phosphate method and the presence of any Dpnl resistant RIS plasmids in the respective Hirt supernatants were evaluated by their ability to transform E. coli as described elsewhere (14) .
The yeast Saccharomyces cerevisiae were grown in YPD (DIFCO), crosslinked by three successive treatments with trioxsalen and UV light and labeled with 20 /tCi/ml H]adenine (15-25 Ci/mmol, Amersham) at 30°C. Cells were converted to spheroplasts and DNA was isolated with Proteinase K as described in the next paragraph.
Isolation of RIS containing ssDNA fragments Cells were incubated with trioxsalen for 2 min in the dark and exposed to longwave UV light for 2 min (4 cycles of trioxsalen treatment and irradiation) to give 1 trioxsalen bridge per 1 to 1.5 kb (13, 15, 16) . After the last treatment the ascites liquid was diluted with 9 volumes of prewarmed at 37°C DMEM (GIBCO), buffered with 50 mM HEPES, pH 7.2 and incubated at 37°C in the presence of 50 /M BrdUr (Sigma) and 10 /iCi/ml [ 3 H]-dC (19 Ci/mmol, Amersham) for 1 hour. Cells were lysed in 0.5% SDS, 1 M NaCl, 10 mM EDTA, 50 mM Tris-HCl, pH 8 and the protein component was digested with 200 /ig/ml Proteinase K (Merck) at 37°C for 4 hours. After extraction with phenol-chloroform (1:1) and with chloroform, one volume of ethanol was overlayered and the high molecular mass chromosomal DNA was recovered by spooling on a glass rod.
DNA was dissolved in 10 mM Tris-HCl, 1 mM EDTA, pH 7.4 (TE buffer), to give 200-500 jig/ml, made 0.2 M in NaOH by adding 1 M NaOH, and centrifuged in 5 -20% sucrose density gradients prepared in 0.2 M NaOH, 1 mM EDTA in the Beckman's SW 27 rotor at 25000 rev/min, 10°C for 18 hours. Fractions containing the nascent DNA chains were pooled together, DNA was recovered and recentrifuged under the same experimental conditions.
Immunoprecipitation of ssRIS-DNA
The DNA fraction isolated from the second sucrose density gradient was immunoprecipitated as described earlier (16, 17) . It was dissolved in 0.14 M NaCl, 10 mM phosphate buffer, pH 7.2 containing 0.5% Tween 20 and 100 jig/ml bovine serum albumin in a final volume of 400 /tl. An equal volume of monoclonal anti-BrdUr antibody (Beckton and Dickinson) was added and after 1 hour at room temperature the antigen-antibody complex was precipitated with an excess of a second antibody (anti-mouse IgG rabbit IgG fraction, Sigma). After another hour at room temperature the sample was kept in the refrigerator overnight and the formed precipitate was collected by centrifugation in an Eppendorf microcentrifuge for 12 min. It was washed with 0.14 M NaCl, 0.01 M phosphate buffer, pH 7 (PBS), resuspended in 200 /il of 1 mM NaCl, 0.5% SDS, 50 mM Tris-HCl, 10 mM EDTA, pH 7 and digested with 200 /ig/ml Proteinase K (Merck). After extraction with phenolchloroform (1:1) and with chloroform, DNA was precipitated with 2.5 volumes of ethanol.
Making ssDNA double-stranded and cloning ssDNA was incubated with terminal deoxynucleotidyl transferase (Amersham) and dATP in the buffer and under the conditions suggested by the manufacturer to build approximately 20 nucleotide long oligo(dA) tails at the 3'-ends of the fragments.
DNA was precipitated with ethanol, dissolved in 10 mM Tris-HCl, 1 mM EDTA, pH 8 and 0.7 /tg oligo(dT) 12 _ 18 (Pharmacia) and NaCl to 0.1 M were added. The sample was heated at 95 °C for 2 min and left to anneal at room temperature for 1 hour. The second strand was synthesized on the so formed primer-template complex with Klenow fragment in the presence of [ 3 H]-dCTP as described in (18) . DNA was deproteinised, recovered by ethanol precipitation and digested with S1 nuclease to remove any single-stranded regions. Oligo(dC) tails were added to the 3'-ends of the double-stranded fragments and they were cloned in Pst I digested pBR322, oligo(dG) tailed (12 nucleotides on the average) as described in (18) .
Gel mobility shift assay Protein binding reactions were performed in 20 -30 jtl samples containing 10 4 -10 5 cpm (0.5-5 ng) of the end-labeled DNA fragments, 1 -20 ng protein extract, a 100-to 1000-fold excess of sheared E.coli DNA, or poly(dLdC) and 25 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 0.5 mM PMSF, 1 mM DTT, 0.1% Triton X100, pH 7.5. After incubation at room temperature for 30 min the samples were loaded on neutral 4% polyacrylamide gels and electrophoresed at 5-8 V/cm.
Protein isolation and fractionation
Nuclear protein extract was isolated by the method of Dignam et al. (19) from EAT cells in logarithmic growth phase and from mouse liver cells.
Fractionation of the total nuclear protein extracts was carried out on Heparin-agarose columns (Sigma) with a stepwise 0.15-0.8 M KC1 gradient. SDS-polyacrylamide gel electrophoresis of proteins was in 12% vertical slab gels (20) and the protein bands were visualized either by staining with Coomassie brilliant blue G250 (Sigma), or by silver staining (21). RIS12 affinity column was constructed by coupling 2 mg of avidin (Sigma) to 0.35 ml Affi-GellO (BioRad) in 0.1 M HEPES pH 7.5 and subsequent binding of approximately 10 ng of biotin-l 1-dUTP end-labeled DNA fragment to the immobilized avidin. The protein extract was loaded onto the affinity column at room temperature in the binding buffer for band shift assay and after extensive washing with the same buffer, proteins were eluted with 1 M KC1.
Miscellaneous
Determination of crosslink concentration, alkaline sucrose gradient centrifugation, recovery of DNA from gradients and DNA electrophoresis were as described earlier (13, 16) . Hybridization was carried on Gene Screen Plus (Du Pont) membranes under stringent conditions (7% SDS, 0.25 M phosphate buffer, 1 % bovine serum albumin, at 68°C overnight). Membranes were rinsed with 2xSSC at room temperature (twice), washed with 2xSSC, 0.1% SDS at 68°C for 30 min (twice) and finally rinsed with 0.1 xSSC at room temperature. For dot-blot hybridization, DNA was loaded onto Gene Screen Plus membranes as recommended by the manufacturer using DotBlot manifold (BioRad). Plasmids were isolated by the alkaline procedure (18) . Sequence information was obtained from databanks GenBank 69, GenBank-NEW 10 and UEMBL 28-69, using the computer program FASTDB (Intelligentics). 
RESULTS
Application of the trioxsalen method for isolation of replication origins from yeast
The rationale of the crosslinking approach for isolation of a DNA fraction enriched in putative replication initiation sites (RIS) was described in details earlier (13, 15, 16) . The method is based on blocking replication fork movement by introducing covalent trioxsalen crosslinks between the complementary DNA strands, which results in the formation of short nascent DNA fragments containing the sites of initiation of DNA synthesis. These fragments are not ligated to the high molecular weight DNA and can be easily separated in alkaline sucrose density gradients. To check the validity of the method for isolation of replication origins, we applied it to yeast cells, since it has been recently demonstrated that the ARS1 element represents a bonafi.de yeast chromosomal replication origin (22, 23) . S. cerevisiae cells were crosslinked with trioxsalen and were given [ 3 H]-adenine for 1 hour to label the nascent DNA chains synthesized between crosslinks. Crosslinked yeast chromosomal DNA was isolated, denatured and centrifuged in alkaline sucrose density gradients. In full agreement with our previous data (13,15) the bulk of genomic DNA sedimented to the bottom, while most of the radioactivity formed a well shaped second peak in the upper part of the tube. Aliquots of the gradient fractions containing equal amounts of DNA were dot-blotted on nylon membranes and were hybridized with labeled in vitro ARS1 element isolated from plasmid YRp7 (24) . The hybridization pattern was quite specific and showed that nascent DNA fragments synthesized between crosslinks were significantly enriched in ARS1 sequences (Fig.  1 ).
Isolation and cloning of RIS DNA fragments
The steps of the purification scheme for isolation of mouse DNA fragments containing the putative chromosomal sites of initiation of DNA replication are outlined in Figure 2 . EAT DNA was crosslinked in vivo with trioxsalen and UV light to give an average distance of 1 to 1.5 kb between crosslinks. Cells were incubated in medium containing BrdUr and [ 3 H]-dC for 1 hour and DNA was isolated, denatured and centrifuged in alkaline sucrose density gradient. DNA from the light peak was pooled, neutralized, dialysed and concentrated. Its specific radioactivity was 30-50 times higher then that of bulk DNA. This DNA was further subjected to a second round of alkaline sucrose density gradient centrifugation, which increased the specific radioactivity 4-fold, thus bringing the enrichment coefficient close to 200 (Table 1) .
In a control experiment run in parallel, exponentially growing EAT cells were labeled with the same amount of radioactive precursor for different periods of time and from the specific Table 1 . Yield and specific radioactivity isolation procedure
Step Genomic DNA 1st centrifugation 2nd centrifugation Immunoprecipiation EAT cells were crosslinked with trioxsalen to give 1 -1.5 kb between crosslinks and were labeled with BrdUr and [
3 H]-dC. Nascent DNA was isolated and purified as described in text. 1 -4) , or liver (lanes 6-9) nuclear protein as described in the text and resolved by electrophoresis in 4% polyacrylamide gel. Radioactive bands were detected by fluorography on X-ray film in the presence of intensifying screen at -70°C. Lane 5 -DNA size marker: pBR322 digested with Sau3AI and labeled with 32 P in vitro. radioactivities of the respective DNAs the specific radioactivity of uniformly labeled DNA was calculated by extrapolation. This value was used as a reference against which to compare the specific radioactivity of the isolated newly synthesized DNA fraction in order to estimate the extent of its purification. It turned out that although enriched in newly synthesized fragments, the DNA fraction isolated from the second gradient was still heavily contaminated with random genomic DNA and to reach the specific radioactivity of uniformly labeled DNA, it had to be additionally purified approximately 20-fold. To achieve this we applied an anti-BrdUr-antibody affinity purification step (16, 17) . The immunoprecipitation step brought the specific radioactivity of the newly synthesized DNA to 15800 cpm//*g (Table 1 ), a figure very close to the specific radioactivity of the control uniformly labeled DNA (18700 cpm/^g). This DNA was made double-stranded in vitro and cloned by tailing in the PstI site of pBR322 to prepare a minilibrary of about 600 individual clones.
Characterization of the individual RIS fragments
30 randomly selected RIS fragments were recloned in the PstI site of pUC12 to be able to generate 5'-ends convenient for labeling by different protocols. They were arbitrarily designated as RIS nos 1 through 30. The average length of the cloned sequences was 350-400 bp, although fragments as long as 1 kb were also present ( Table 2) . To characterize the kinetic complexity of the cloned mouse DNA fragments, RIS1 through RIS30 were blotted on nylon membranes and hybridized with Underlined in RIS 12 is the sequence in the complementary strand homologous to the SAR-T consensus sequence of Drosophila (26) . Underlined in RIS18 are a sequence homologous to the AP-1 consensus binding site (27) in the complementary strand and a 10/11 match to the ARS consensus sequence of S. cerevisiae (28 contained unique or very low repetitive DNA (Table 2 ). In order to study the extent of homology among the different RIS sequences, three randomly selected unique RIS fragments (RIS6, RIS12, RIS26) were labeled in vitro with 32 P and hybridized to all thirty RIS fragments dot-blotted on nylon membrane. Under our stringent conditions of hybridization, we did not observe any cross-hybridization among the different presumably origincontaining fragments, which spoke against the possibility that they shared relatively long common sequences.
In another series of experiments the thirty RIS fragments were subjected to gel mobility shift assay using nuclear protein extract isolated either from proliferating, or from quiescent mouse cells. Logarithmically growing EAT cells were used as a model of proliferating mouse cells and cells isolated from the livers of three month old male albino mice were used as a model of quiescent mouse cells. It was found that twelve out of the thirty RIS fragments formed complexes with proteins present in the nuclear extract of EAT cells (Table 2) , while none formed such complexes with nuclear extract isolated from liver cells. Examples of this analysis are shown in Figure 3 .
The three RIS fragments showing most pronounced retardation in gel (RIS12, RIS18 and RIS30 in Table 2 ) were sequenced and their primary structures are shown in Fig 4. All three have an overall A+T content higher than average (71 % for RIS12, 59% for RIS 18 and 80% for RIS30). The sequenced RIS fragments do not share extended regions of sequence homology. The best match found was 12/13 between RIS 12 (nt 25-37) and RIS 30 (nt 59-71). The computer analysis of the three fragments did not reveal any extensive homology with known replication origins with the exception of RIS30, that showed 67.5% homology to the autonomously replicating sequence DRO-ARS 312 of Drosophila. The computer search also showed that RIS 12 contained the scaffold attachment region (SAR-T) consensus sequence (25) . RIS 18 contained a potential binding site for the transcriptional factor associated with cell proliferation AP-1 (26) and a 10/11 match to the ARS consensus sequence of S. cerevisiae (27) . Clustered in RIS30, which is the most A+T rich of the three fragments are: 10/11 matches to the ARS consensus sequence of S. cerevisiae (28) and 5. pombe (28) , and three regions of 'loose' similarity to SAR-A and SAR-T consensus sequences (29) . Seven out of eight matches to the consensus binding sites for Bl, CP1 and OTF1/NFTH proliferation-specific transcription factors characteristic for the DHFR, c-myc and rhodopsin origins of replication (30) are present as well. A search for a sequence corresponding to the binding site of the DHFR origin binding protein RIP60 (31) reveals a best match of 11/15 nucleotides in RIS30 (nt [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and the (ATT) n motif. The latter is repeated twice in RIS30, while in the DHFR origin region it is repeated four times. Another characteristic feature common to the three sequences is the abundance of short (5-8 bp long) direct and reverse repeats and palindromes.
Evaluation of the potential for autonomous replication of the RIS containing plasmids
Mouse myoblast cells were transfected with ten RIS containing plasmids (RIS1 through RIS 10). As a control cells were transfected with pBR322. After 48 and 72 hours Hirt supernatants were prepared from equal numbers of cells, exhaustively digested with Dpnl and aliquots were used to transform competent E. coli (14) . In some experiments the plasmids containing RIS1, RIS2 and RIS7 gave slightly higher number of colonies than control pBR322, but the differences were not significant and reproducible. We interpret these results to show that none of the cloned RIS fragments supported autonomous DNA replication when introduced in mammalian cells.
Isolation of the RIS binding protein factors
To isolate the protein factors that bind specifically to the RIS fragments, we fractionated the crude nuclear extract from EAT cells by a two-step procedure. The first step represented chromatography on a Heparin-agarose column and the protein fractions eluted from the column using 0.15-0.8 M stepwise KC1 gradient were analyzed by electrophoresis in polyacrylamide gel (Fig. 5 ). Each fraction was tested for the presence of DNA binding activity by the electrophoretic mobility shift assay using RIS12 and RIS18. It was found that the binding activities were present in the 0.3 M KC1 eluate, while the proteins eluted at lower, as well as at higher ionic strength did not bind specifically to these fragments (Fig. 6) . To isolate the individual protein(s) responsible for the retardation, we applied DNA-affinity chromatography as a second fractionation step. Crude nuclear extract was isolated from actively proliferating EAT cells, fractionated on a Heparin-agarose column and the 0.3 M KC1 fraction was dissolved in binding buffer for gel shift assay and was loaded onto an AffiGellO-RIS12 column. The column was extensively washed with binding buffer and the retained proteins were eluted with 1 M KC1. As shown in Fig. 7 , two proteins with apparent molecular masses of 63kD and 65kD were specifically retained on the RIS 12 column. In a control experiment the 0.3 M KC1 fraction from the Heparin-agarose column was loaded on an AffiGellO-avidin column without DNA, but no proteins were attached to this column.
DISCUSSION
The ability of the trioxsalen method to specifically label and isolate the newly initiated nascent DNA chains has been discussed in details both by us and by others (1, 13, 15, (33) (34) (35) . It has been used to map replication origins in rat rRNA (36) and Chinese hamster DHFR (16,37) genes. The location of the latter has been independently confirmed by several alternative methods (38) (39) (40) (41) . In this communication we present additional evidence supporting this point by demonstrating that the DNA fraction synthesized between crosslinks in S. cerevisiae was enriched in ARS 1 sequences (Fig. 1) . Concerning the purification of the nascent DNA fragments, it has been satisfactorily demonstrated (16, (40) (41) (42) that the immuno-precipitation method we have developed (17) , was fully adequate. This is also confirmed in the present communication, where we show that the specific radioactivity of the isolated and purified nascent DNA chains was practically equal to that of genomic DNA uniformly labeled under identical conditions (Table 1) . Finally, the analysis of the primary structure of the three cloned nascent DNA fragments that have shown strong and specific binding to nuclear proteins present in proliferating cells revealed that they contained yeast consensus ARS sequences, Drosophila SAR consensus sequences and A+T rich tracts as well as common transcription promotor consensus sequences, which are considered as common landmarks of the regions of initiation of eukaryotic DNA replication (12, 30) . This evidence suggested that most probably our collective RIS fraction was considerably enriched in fragments containing genuine chromosomal replication origins, regardless of the fact that they did not share extended regions of direct similarity and did not support autonomous DNA replication in mammalian cells. The reason for the lack of initiation is not clear, but this result is in agreement with the recent observation of Caddie and Calos (32) , who have reported that short origin containing DNA fragments did not convey to plasmids the ability for autonomous replication in mammalian cells. The results are also in line with the communication that another twelve recently cloned origincontaining monkey DNA fragments have not shown any homology (43) , although four of them have shown limited ARS activity upon transfection of monkey cells (7) and in cell-free system (44) . These results pose the question about the limits of the sequence specificity of eukaryotic replication origins. It has been demonstrated that initiation of DNA synthesis does not depend on any specific DNA sequences when carried out in Xenopus egg systems both in vitro and in vivo (45) (46) (47) (48) . There is also a growing body of evidence that replication could occur in vivo within broad areas of the genome, depending on such general features of DNA as its A+T content or chromatin organization (49,50, see 12) . These ideas are in a sharp contradiction with the results obtained with viral systems and apparently show that the latter are not fully appropriate as a model to study regulation of replication in eukaryotic cells.
On the other hand our gel mobility shift experiments have revealed that a considerable proportion of the cloned fragments have specific affinity towards certain nuclear protein factors. Moreover, we were able to demonstrate that these factors were present in detectable amounts in proliferating cells only, while their concentration in nonproliferating, fully differentiated cells was much lower. These results apparently support the idea that origin regions contain specific cis elements that are recognized by specific trans acting factors controlling the 'firing' pattern of replication origins (3). The protein-DNA recognition is most probably not strictly on the basis of DNA primary structure, but on the basis of recognition of certain spacial patterns in DNA, which could explain the presence of common structural and functional modular elements and the lack of extended regions of direct similarity.
